These methods have the advantage of relatively small computational load in comparison with the phase-field method.
An inherent problem of most FT methods is the anisotropy of growth direction introduced by the shape of the square cells. In a CA (FT) simulation, a nucleus is generated in a simulation domain and the nucleus has an arbitrary crystallographic preferential growth orientation. However, the dendrite is forced to grow to 0 or 45 degrees, independent of the initial preferential orientation due to the shape of the square cells.
The aims of this work are: 1) to develop a modified CA technique for simulating the evolution of dendrite morphology without the anisotropy for growth direction, and 2) to examine the characteristics and capability of the model for simulating the dendrite growth process of binary alloys.
Front Tracking Method

Governing Equations
The methodology of the front tracking method used in the present model is basically same as that used by previous researchers 13, 14) except for the capture rule of neighboring cells by an interface cell. In the front tracking method, the April 4, 2006 ) A numerical model using a modified front tracking technique has been developed to simulate dendrite growth during the solidification of binary alloys. Diffusion in liquid and solid, mass conservation at the solid/liquid interface and local equilibrium at the solid/liquid interface with consideration of curvature undercooling were solved to determine the position of the solid/liquid interface. Preferential crystallographic orientation of a dendrite was taken into account by introduction of a modified growth technique. The growth process of a dendrite having an arbitrary preferential crystallographic orientation has been simulated in 2D using the developed model. Simulations were carried out for the growth of many dendrites in an aluminumsilicon binary alloy with continuous cooling and isothermal solidification conditions. The amount of eutectic formed in aluminum-silicon alloys with different Si content was estimated from the simulation. The estimated amounts of eutectic fell between the values predicted from the Scheil equation and the equilibrium lever rule. This result demonstrates the capability of the model for predicting grain macrostructure of alloy castings by taking into account information such as dendrite morphology, amount and distribution of the eutectic phase and microsegregation. Where C S * and C L * are the compositions of solid and liquid at the interface, respectively. k 0 is equilibrium partition coefficient. Moving velocity of the solid/liquid interface V was determined from the solute balance at the interface.
Where n is the unit vector normal to the solid-liquid interface. Equilibrium liquidus temperature T* at the solid/liquid interface was determined using solutal and curvature undercooling.
Where T L is the liquidus temperature of an alloy with initial composition of C 0 , m is liquidus slope, G is the GibbsThomson coefficient, k is the curvature of the interface, and f is a function describing anisotropy of the interface energy. The Box-counting method 13) was used to calculate the curvature of the interface.
New Growth Algorithm
A new growth algorithm reducing the anisotropy for growth direction was introduced in the present model. In the case of cellular automaton models (CA) for simulating the solidification process, each cell has a state such as solid, liquid or interface. Each cell also has variables such as temperature, solute content and fraction of solid. In the previous CA models 13) for dendrite growth, an "interface cell" captured the nearest neighbor liquid cells if the solid fraction of the "interface cell" became unity and changed the states of the nearest neighbor liquid cells to interface, as shown in Fig. 1 . In the simulation according to this algorithm, a dendrite is apt to grow to 0 or 90 degree against Xaxis. Figure 2 shows the new growth algorithm proposed in the present study. A square of solid was firstly defined in a cell as a nucleus. The diagonal of the skeleton corresponds to the preferential crystallographic orientation of a dendrite. The area of the solid square can be determined from the solid fraction of the cell. The length of the diagonal was calculated from the change in the solid fraction, D f S , of the cell at each time step of the numerical calculation. (6) where Dx is size of the cell and L is the distance between the center and the side of the solid square. If the corner of the solid square reaches a neighbor cell, the neighbor cell is changed to an interface cell. A new solid square having the same preferential crystallographic orientation as the original cell is generated in the new interface cell and the center of the new square is set at the corner of the original square ( Fig. 2(c) ). The new square starts to grow according to the change in the fraction of solid in the new interface cell and if the square reaches another neighbor liquid cell, this cell will again change to an interface cell.
After the original square has changed neighboring cells into interface cells, the original cell continues to grow. If the fraction of solid in the original cell becomes unity, the state of the original cell becomes solid and changes any surrounding liquid cells into interface cells.
Simulation Conditions
Al-Si binary alloy was used in the simulation. Materials properties 17, 18) used for the simulation are listed in Table 1 . Free dendrite growth of a single dendrite and macrostructure formation with growth of many dendrites in Al-Si binary alloy were simulated. In the simulation of free dendrite growth of a single dendrite, a 2D calculation domain with square shape of 300ϫ300 mm was divided into square grids of 1 mm sides as CA cells. The divided grids were also used to solve the Eqs. (1) and (2) by using a finite difference method. In the simulation of macrostructure formation with Fig. 1 . Schematic illustration of the growth algorithm used in conventional cellular automaton methods.
Fig. 2.
Modified growth algorithm used in the present model. many dendrites growing, a 2D calculation domain of 4ϫ4 mm was used and the size of a CA cell was 10 mm.
In the simulation of free dendrite growth of a single dendrite, two conditions for temperature were set in the simulation domain, i.e., isothermal holding or continuous cooling conditions. For both conditions, temperature distribution within the domains was set as uniform. 
.(8)
Where D T is undercooling, T L is the liquidus temperature of alloys, T i is initial temperature, V C is cooling rate, and t is time.
In the simulation of macrostructure formation with many dendrites growing, the calculation domain was continuously cooled with a certain cooling rate down to the eutectic temperature of the Al-Si binary alloy (850 K), and kept at the eutectic temperature for certain period. The simulation was carried out for several initial silicon contents and the cooling procedure used in the simulation is schematically shown in Fig. 3. Figure 4 shows the morphology of a free dendrite grown in an undercooled Al-5.0mass%Si alloy melt simulated by the present model. The degree of undercooling of the melt is 10 K, isothermal holding time is 1 s and the preferential crystallographic orientation of the dendrite is 20 degrees. It was demonstrated that the anisotropy for growth direction was reduced and the dendrite could grow in any arbitrary direction. Figure 5 shows dendrite morphology with preferential crystallographic orientation of 0 degree grown in a Al-5.0mass%Si alloy melt with undercooling of 5 K and 10 K, respectively. The holding time of the dendrites shown in Fig. 5 is 2 s. The difference in dendrite morphology with changes in the degree of undercooling can be clearly seen. With the condition of a higher degree of undercooling (Fig.  5(b) ), growth velocity of the dendrite tip became higher and secondary dendrite arms developed extensively compared with the dendrite grown in the low undercooling melt (Fig.  5(a) )
Results and Discussion
Free Dendrite Growth of Single Dendrite
To examine the characteristics of the present model, growth behavior of a dendrite tip using the present model during the isothermal solidification condition was investigated. Figure 6 shows the change in the growth velocity of a dendrite tip during isothermal solidification condition in Al-5.0mass%Si alloy melt with undercooling of 5 K. In an early stage of the simulation, the dendrite grew in a nonsteady state manner, and the velocity of the dendrite tip deceased rapidly with time, becoming almost constant at longer times meaning that a steady state growth condition was established. Figure 7 shows the relationship between the degree of undercooling and growth velocity of the dendrite tip for alloys with different initial silicon contents. The velocity of the dendrite tip increased with a larger degree of undercooling and also with a decrease in initial silicon content. These features agree to the general characteristics of dendrite growth in alloys. Figure 8 shows change in the dendrite morphology of Al-5.0mass%Si alloy during the continuous cooling condition with a cooling rate of 7.0 K/s. Secondary arms developed with falling temperature and a microsegregation pattern, i.e., "coring structure" was observed in the dendrite shown in Fig. 8(b) . Figure 9 shows solute concentration distribution along the center of the primary arm and through the liquid region in front of the tip of the dendrite shown in Fig. 8(b) . Silicon concentration increased from the center to the tip of the dendrite and solute enrichment was observed in the liquid region ahead of the dendrite tip. These features demonstrate the ability of the present model to reproduce the characteristics of free dendrite growth.
Macrostructure Formation with Growth of Many
Dendrites Figure 10(a) shows the growth process of dendrites in Al-1.0mass%Si alloy melt with a cooling rate of 5.0 K/s. At the end of the solidification, dendrites collide with each other and finally forms grain macrostructure (Fig. 10(b) ). Figure 10 (c) shows solute concentration distribution and a microsegregation pattern can be observed. Figure 11(a) shows the growth process of dendrites in Al-5.0mass%Si alloy melt with a cooling rate of 5.0 K/s. The calculation domain shown in Fig. 11 was cooled to the eutectic temperature of the Al-Si binary alloy system (850 K), and then kept at this temperature until the Si concentration in the liquid became uniform. In this case, some liquid remains in interdendritic regions (Fig. 11(b) ), and the composition of the liquid was found to reach the eutectic composition. Hence, the remaining liquid region should transform to a eutectic structure, and thus the fraction of remaining liquid corresponds to the fraction of the eutectic.
The fractions of eutectic were estimated for several initial silicon contents by simulating the growth process of each alloy. The fractions of eutectic estimated from the simulation ranged between those estimated from the lever rule and the Scheil equation 19) as shown in Fig. 12 . This result is valid because limited diffusion in the solid was taken in account in the present simulation.
Conclusions
A dendrite growth model using a modified front tracking technique was developed for the simulation of dendrite growth in alloys. The anisotropy for growth direction was reduced in the modified model and a dendrite could grow to any arbitrary preferential crystallographic orientation in the simulation of dendrite growth. Simulation with the growth of many dendrites was carried out and the grain macrostructure formation process was simulated. It was confirmed that the modified model is capable of predicting the fraction of eutectic and the distribution of the eutectic region in alloy castings, with limited diffusion in the solid taken into account.
